Catalysts based on porous polymeric microspheres were prepared from N,N′-Bis(3,3′-allylsalicylidene)-o-phenylenediamine Pd(II) (PdAS) metallo-monomer, styrene (STY), and divinylbenzene (DVB) as co-monomers. The effects of the STY/PdAS mass ratio of co-monomers were investigated to synthesize the optimal catalyst. All the prepared materials were characterized by scanning electron microscopy (SEM), N 2 adsorption-desorption isotherms, inductively coupled plasma optical emission spectroscopy (ICP-OES), thermogravimetric analysis (TGA), solid-state diffuse-reflectance UV Vis (DRS UV-Vis) spectrometry, and X-ray photoelectron spectroscopy (XPS). Increasing the PdAS content from 1 to 5 wt%, based on the mass feed of monomers, produced well-defined spherical polymer resins with particle diameters of ~200 μm and high surface areas (>500 m 2 /g). XPS spectra shown a unique Pd 2+ signal associated with the PdAS complex immobilized on a porous resin matrix. The catalytic performances of porous polymer microspheres were evaluated for Heck reaction between iodobenzene and methyl acrylate to produce methyl cinnamate, giving up to 100 % selectivity for the trans-isomer. The resin with 5 wt% PdAS showed the best catalytic activity in methyl cinnamate synthesis. Finally, the best catalytic system was evaluated in octinoxate production producing the target product with the same levels of conversion and selectivity for trans-isomer as was detected for methyl cinnamate synthesis.
Introduction
Metal coordination complexes are extensively used as homogeneous catalysts for many low-scale and industrial processes, especially for the synthesis of important organic building blocks [1, 2] . Particularly, Pd-based homogeneous catalysis has been widely described as the most important methodology for organic C-C coupling reactions [3] [4] [5] [6] [7] , specifically for the Suzuki, Sonogashira, Stille, Hiyama, and Heck cross-coupling reactions [8, 9] . The main disadvantages of homogeneous catalytic systems are their low recovery capacity and difficulty of their separation from the reaction medium with economic and environmental consequences [10] . Therefore, recent research efforts have been focused on the immobilization of homogeneous catalysts on different insoluble matrixes, to make them both mechanically stable and easily recoverable [11] [12] [13] [14] .
Different methods for the heterogenization of catalysts involving metal complexes have been reported in cases where covalent immobilization of active homogeneous species has proven an effective pathway for the development of immobilized heterogeneous catalysts [15] [16] [17] . There are many different materials available for use as carriers, including silica-based materials, polymeric supports, and inorganic-organic hybrid materials [17] [18] [19] [20] [21] . To date, only a few examples of porous polymeric Pd catalysts have been reported. In 2014, Rangel et al. reported the use of polyimine-Pd catalyst for use in Suzuki-Miyaura reactions, affording the corresponding cross-coupling products in excellent yields in water solvent [22] . Sadhasivam et al. also studied imine-Pd-based covalent organic frameworks (COFs) as solid catalysts for C-C coupling reactions; the catalytic system could be recycled more than four times, with only a minor loss of activity [23] . Recently, Xu et al. reported the use hypercrosslinked polymers (HCPs), including N-heterocyclic carbenes (NHCs) and Pd 2+ , as catalysts with outstanding stability and recyclability for Suzuki-Miyaura cross-coupling reactions of various aryl halides with arylboronic acids [24] . However, despite their success, these Pd-based porous polymers are not considered the most desirable class of catalysts because of their high costs, complex syntheses, air and moisture sensitivity in some cases, inconvenient handling, etc.
In recent decades, Schiff base ligand-mediated Pd-catalyzed C-C cross-coupling reactions have been studied as an economic and environment-friendly alternative to currently active catalytic systems [25] [26] [27] [28] [29] [30] . Based on simple, tailor-made syntheses, many structurally different Schiff bases have been prepared, bearing peripheral functional groups on the ligand's structure. This synthetic strategy opens up possibilities of using Schiff bases as building blocks for Pd-based catalysts immobilized onto insoluble supports.
The current efforts in the immobilization of Salen-type palladium (II) complexes are focused in the use of Schiff base ligand, which can suffer polymerization process to provide insoluble resins catalytic materials [25] . Recently, Bi et al. have been reported the synthesis of Salen-ligands into the backbone of HCPs as supports to obtaining heterogenized palladium-complexes for C-C coupling reactions [31] . Based on the above considerations, it is an available strategy to develop efficient heterogeneous catalysts using different Schiff base ligand as building blocks. While this synthetic strategy is undoubtedly advantageous, the metal complex is formed after the ligand immobilization on the surface of the resin. Besides, the chelation processes in polymer-metal systems are far more complicated as compared to low molecular weight analogues, since both reacting agents (polymeric-chelating ligand and metal precursor) can be subjected to very different transformations [32] . Therefore, an alternative route of synthesis starting with a monomer containing a pendant Salen-type palladium (II) complexes (or Pd metallo-monomers) open up the possibility to provide a suitable well-defined supported catalyst with only one specie attached to the surface and easily characterized by spectroscopy techniques.
In this paper, we report a novel synthesis of porous polymeric microsphere catalysts by the suspension polymerization methodology [33] [34] [35] [36] [37] , employing the metallo-monomer N,N′-bis(3-allyl-salicylidene) o-phenylenediamine Pd(II) (PdAS) Schiff base complex, divinylbenzene (DVB), and styrene (STY) as co-monomers, and 2,2′-azobis(2-methylpropionitrile) (AIBN) as the radical initiator. The main goal was to evaluate the effect of the metallo-monomer loading (1-15 wt%) on the physicochemical properties and catalytic performance of the as-prepared materials. The obtained catalysts were evaluated in a Heck reaction to produce methyl cinnamate (MCIN) as the target molecule from iodobenzene (IB) as the aryl halide and methyl acrylate (MA) as the alkene in the presence of triethylamine (TEA) as the base. Finally, the most active system was evaluated in the production of octinoxate ((RS)-2-Ethylhexyl (2E)-3-(4-methoxyphenyl)prop-2-enoate), which is a fundamental ingredient in sunscreen formulations because of its ability to absorb UV-B rays from the sun [38] , thus protecting the skin from damage.
Experimental

Chemicals and reagents
Commercial sodium chloride (NaCl, Merck ® ), hydroxiethylcellulose (HEC, 99 %, ~90,000 WM, Sigma ® ), 3- ) were purified by distillation process. TEA was distilled at a reduced pressure with CaH 2 and STY and MA were distilled at normal pressure in presence of p-tert-butylcatechol as polymerization inhibitor. 2,2′-azobis(isobutyronitrile) (AIBN, Aldrich ® ) was purified by recrystallization from methanol and dichloromethane (DCM, 99 % Merck ® ) was dried with CaH 2 previous to their use.
Synthesis of PdAS
The ligand N,N′-Bis(3,3′-allyl-salicylidene)-o-phenylenediamine (AS) was synthesized as shown in Scheme 1, according to a reported procedure [39] . A 250-mL round-bottomed flask was charged with 3-allylsalicaldehyde (40.0 mmol) in EtOH, and a solution with o-phenylenediamine (20.0 mmol) in 50 mL of EtOH was added to it dropwise. The reaction mixture was then refluxed for 2 h with magnetic stirring. After the reaction, the mixture was cooled at 0 °C for 12 h to obtain a precipitate, which was recrystallized repeatedly from EtOH until the purified ligand AS was obtained as an orange well-defined solid with 81 % yield. 1 Then, the AS ligand (15 mmol) was added to 150 mL of DCM and stirred at room temperature, followed by adding Pd(CH 3 COO) 2 (15.5 mmol) to the mixture and refluxing for 12 h. A dark-brown precipitate was separated by filtration and washed using MeOH and DCM (4 × 5 mL). The product PdAS was recrystallized from DCM/ n-hexane mixture (1:3) with 76 % yield. 1 
Synthesis of high surface PdAS(x)-co-STY polymeric resin
The polymeric resins were synthesized according to reported procedures [33, 34] . In a three-neck polymerization reactor, using 60 wt% of DVB and 1 wt% of AIBN, while the PdAS and STY contents were varied, as shown in Table 1 . An inert atmosphere (N 2 gas) was maintained during all the polymerization processes. The co-monomers and initiator were mechanically mixed and the mixture was suspended over an aqueous phase (containing 20 wt% NaCl and 0.2 wt% HMC). The mixture was heated at 70 °C for 14 h, followed by heating to 88 °C for a further 4 h. The monomer/porogen and organic phase (monomer + porogen)/continuous phase were maintained at 1:3 volume ratio. The obtained materials were washed with water for 48 h, followed by washes with DCM and acetone for 24 h each in a Soxhlet apparatus. Finally, the obtained materials were dried at 80 °C in a vacuum oven and were labeled PdAS(x)-STY with x = 0, 1.0, 2.0, 5.0, 10 and 15 wt% (nominal loading of PdAS), where x = 0 is the control material.
Characterization techniques
NMR spectra were recorded in a Bruker Ascend TM 400 MHz spectrometer operating at 400 ( 1 H) and 75 ( 13 C) MHz and chemical shifts reported as δ values (ppm) with the residual solvent signal as the internal reference. ESI-Q TOF MS spectra were obtained in positive mode on a QTOF Micro mass spectrometer (Waters, Manchester, UK) in smart tube mode with capillary voltage set at 3.5 kV, cone voltage at 30 V, source temperature at 100 °C and temperature of desolvation at 120 °C. The samples were introduced by infusion in an acetonitrile solution. Chemical organic analyses were performed on a Fisons -EA-1108 CHNS-O Element 
Catalytic activity
To evaluate the catalytic performances of the heterogeneous Pd-coordinated catalysts the IB:Pd and IB:MA:TEA molar ratios were 2000:1 and 1:1.25:2, respectively. The reaction was carried out in a Parr-type semi-batch reactor with a reactant pre-chamber. The reactions were studied at 120 °C in Ar (5.5 bar), using DMF as solvent (50 mL) at 770 rpm of magnetic stirring. All experiments were carried out in the absence of any external mass transfer limitations (not included). The heating was carried out for the solution of IB and dodecane in DMF until the desired temperature was reached. After thermal equilibrium, MA and TEA were added from the pre-chamber. The rate progress was measured in terms of IB consumption by GC analysis, using dodecane as the internal standard (908 μL dodecane, 0.8 mmol). Non-invasive aliquots (~50 μL) were taken from the reaction mixture at different times and added to 1 mL water, followed by extraction with Et 2 O (1000 μL) and washing with 1 mL of brine. The organic layer was analyzed by a Perkin Elmer GC model Clarus 680, equipped with a Elite-MS5 capillary column, and the retention times were compared with the corresponding GC commercial standards. For evaluating the activity in the production of Octinoxate, 1-iodo-4-methoxybenzene (IBM) was used as the aryl halide and 2-ethylhexyl acrylate (EHA) as the activated alkene under the same reaction conditions optimized for MCIN production. Reusability tests was also performed for the most active and selective catalyst. For the reusability test, following the initial catalytic run, the catalyst was collected by direct filtration from the reactor, and the recovered catalyst was subjected to three subsequent catalytic cycle under identical conditions.
Results and discussion
Synthesis and characterization of PdAS metallo-monomer
According the characterization techniques, the proposed symmetrical Pd(II) complexes, PdSP and PdAS were successfully synthesized. The evidence of the Pd-based complexes formation can be followed by the disappearance of the -OH signal at 13.51 ppm for AS and 13.04 ppm for SP in the 1 H NMR spectra and the structure of the ligands ascertained by the ESI-Q TOF MS characterization. In our initial screening experiments, the co-polymerization of AS ligand and PdAS metallo-monomer to prepare the microsphere polymeric resins were investigated (Supplementary material). The AS ligand copolymerization (5 wt%) with STY was conducted under the same reaction conditions employed for the catalysts described in the experimental section. To obtain metal complexes on the material surface, resin was contacted with Pd(CH 3 COO) 2 for 12 h by reflux in DCM. XPS characterization of the as-prepared catalyst revealed the presence of both Pd 2+ and Pd 0 species. We also confirmed the presence of Pd metallic nanoparticles by X-ray diffraction (XRD) and transmission electron microscopy (TEM) characterization. Although metallic Pd nanoparticles have been used as the active phase in Heck reactions [40] [41] [42] , our aim in this study was the evaluation of homogeneous PdAS catalysts immobilized onto porous microsphere resins and their effect on the catalytic performance. The PdAS metallo-monomer ensured the inclusion of the Heck reaction catalysts on the backbone chain of the resins to avoid the formation of a metal complex by post-polymerization immobilization.
Polymeric resins characterization
The SEM micrographs for all the synthesized PdAS(x)-STY materials are shown in Fig. 1 . The control PdAS(0)-STY resin formed well-defined spherical granules with a mean particle size of 190 μm. The incorporation of the PdAS co-monomer in the materials resulted in spherical beads of similar sizes than the PdAS(0)-STY control material for the catalysts PdAS(x)-STY with x = 1, 2, and 5. For PdAS(x)-STY catalysts with x = 10 and 15, amorphous and irregular microparticles were formed.
The N 2 adsorption-desorption isotherms of the PdAS(x)-STY catalysts (Fig. 2) confirm the porous properties of these resins. All the materials exhibited type IV isotherms, associated with particle aggregates, which is typical for mesoporous materials. The hysteresis loop showed variation in pore morphology at higher PdAS amounts, from a typical H1 type for PdAS(x)-STY with x = 0, 1, 2, and 5, to a H2-type associated with a laminar material for x = 10 and 15. The apparent surface areas were estimated from the Brunauer-Emmett-Teller (BET) equation (Table 2 ) and these results are shown in Fig. 2 (inset) . The variation of the BET surface area (S BET ) as a function of PdAS content showed a volcano-type curve, in which x > 5 wt% was accompanied by a drastic reduction in surface area, reaching almost 100 m 2 /g for PdAS(15)-STY catalyst.
The amount of Pd in PdAS(x)-STY catalyst was measured by ICP-OES (Fig. 3) ; the real values were found to be lower than the nominal ones used in the preparation of the porous polymer resins. A saturation value was obtained at nominal 15 wt% PdAS because the catalysts has the same Pd loading as the material at nominal 10 wt% PdAS.
A well-defined microsphere morphology, large S BET (~600 m 2 /g), and a continuous incorporation of the PdAS complex with increasing metallo-monomer nominal loading from the non-modified PdAS(0)-STY to the PdAS(x)-STY x: 1, 2, 5 can be seen. Conversely, PdAS(10)-STY and PdAS(15)-STY display irregular shapes, significantly reduced S BET , and the same Pd content in the synthesized materials.
This trend can be explained by the experimental conditions employed in the suspension polymerization of the co-monomers PdAS, STY, and DVB. The morphologies of the beads are shown to be affected by the solubility parameters of the monomers and porogens [43] [44] [45] . Recently, Cai et al. have reported an interesting study on the preparation of cross-linked poly-(acrylonitrile-co-STY-co-DVB) terpolymer beads with different monomer contents, employing suspension polymerization in the presence of a co-porous agent (toluene, cyclohexane, and/or heptane) [46] . They observed a change in the nature of the microspheres (break to produce amorphous agglomerates) with increasing acrylonitrile co-monomer content in the resin compositions. This result is in line with the trend observed in our PdAS(x)-STY materials, because different STY/ PdAS mass ratios were employed. The physicochemical natures of both co-monomers are distinctly different, PdAS being a polar molecule and STY being a low-polarity molecule. This property could affect the solubility parameters of the co-monomer mixture and the toluene porogen during the polymerization process in a similar manner to that reported by Cai et al.
Another import parameter to consider in the preparation of these materials is the reactivity ratio of the co-monomers in the polymerization medium. A series of mathematical models has been reported to predict reactivity ratios of monomers participating in free radical co-polymerizations [47, 48] . Among them, the Alfrey-Price Q-e scheme is the most widely used. The PdAS and DVB structures possess two propagation centers, while STY has only one vinyl functionality. To simplify the approximation, we considered the Q-e predictor CH 2 =CH 2 -C 6 H 5 for both STY and DVB, and CH 2 =CH 2 -CH 2 -CH 3 for PdAS. The relation of the reactivity ratios for the co-monomers is: PdAS(x)-STY resins (x = 1, 2, and 5) with spherical shape and higher surface area. Conversely, increasing of PdAS content at nominal loadings higher than 5 wt% provides the difficult-to-prepare DVB-PdAS-STY co-polymers with homogeneous insertion of PdAS in the resin structure. This behavior is supported by the ICP-OES characterization, where PdAS(10)-STY and PdAS(15)-STY showed similar Pd loadings despite having been prepared at higher nominal Pd contents. According to the solubility parameters and reactivity ratio of the co-monomers, the morphology and physicochemical characteristics of PdAS(10)-STY and PdAS(15)-STY could be explained by the accumulation of PdAS in the polymerization medium, which collapsed the beads, providing amorphous and non-porous materials. Figure 4 shows the TGA-DTGA curves for all the as-prepared catalysts. As shown, the materials obtained from all the resins were stable in N 2 below 390 °C and exhibited one decomposition region corresponding to the decomposition of the crosslinked divinylbenzene-styrene (DVB-STY) structures. It was also observed that the mass loss depended on the PdAS content. The decomposition temperatures for 50 % weight loss (T 50 ) for the materials obtained at different PdAS contents are shown in Fig. 4 . The shift T 50 of the PdAS(x)-STY (x ≠ 0) resins to slightly higher temperatures indicate the improved thermal stability compared with the PdAS(0)-STY control material.
XPS was employed as a qualitative method to analyze the chemical state of the immobilized Pd complex, comparing PdAS(x)-STY catalysts with the coordination compound PdAS. Both core levels and auger emission were clearly identifiable for PdAS as shown in Fig. 5 . The Pd 3d 5/2 spectra showed peaks at the binding energy (BE) of 338.6 eV, with a spin-orbital splitting at 5.27 eV, while the C 1s and N 1s spectra present peaks at BEs of 285 and 400.0, respectively. Furthermore, the Pd 3d 5/2 and N 1s core levels on all the catalysts present identical BEs compared with the free complex, confirming the immobilization of the PdAS coordination compound. On the other hand, PdAS(x)-STY (x = 1, 2, and 5) catalysts present weak contributions of Pd and N species due to lower PdAS loading onto the resins.
We proposed that the main distribution of this co-monomer is located inside the porous matrix. It is easy to appreciate an increase in Pd 3d 5/2 signals, as shown in the inset of Fig. 5 which is in agreement with ICP-OES characterization. The PdAS(10)-STY and PdAS(15)-STY catalysts showed the highest Pd loading (~1.35 wt%), but a different profile in the definition of signals was detected. Although both catalysts possess almost the same Pd loading, the lowest apparent S BET of PdAS(15)-STY could explain the increase in Pd BE intensity by the exposition of the metallo-monomer on the resin surface.
Solid-state DRS UV-vis spectra were obtained for all the PdAS(x)-STY materials (Fig. 6a ). Liquid-phase UV-vis spectra for PdAS (Fig. 6b ) showed the following transition bands: π → π* at 241 nm, n → π* between 336 and 355 nm, and a typical charger transfer (C-T) and d-d transition band for Schiff base-metal complexes at 481 nm [50] . As expected, the PdAS(0)-STY material mainly absorbed in the UV range (aromatic moieties absorption), whereas PdAS(x)-STY (x ≠ 0) catalysts possessed broader absorption range up to 300 nm, with absorption maxima between 400 and 500 nm, attributed to the presence of PdAS on the resin structure.
Catalytic activity
Heck coupling between IB with MA was selected to evaluate the catalytic activity of the PdSP homogeneous catalyst and PdAS(x)-STY (x = 1, 2, and 5) catalysts. According to the characterization results, the PdAS(10)-STY and PdAS(15)-STY catalysts were not considered because they did not show the microsphere shape. As a control experiment, the reactions with PdAS(0)-STY and without catalyst were studied under the reaction conditions described in the experimental section. Negligible activity was observed after 12 h of reaction as shown in Table 2 . All the evaluated catalysts were active in the production of MCIN, yielding the transisomer as the only product. No geminal C-C coupling product was detected.
On the other hand, the catalysts presented an increasing trend in activity: PdAS(1)-STY < PdAS(2)-STY < PdAS(5)-STY ≈ PdSP. This behavior could be attributed to the nature of the PdAS(x)-STY catalyst. Although all the catalysts showed similar physicochemical properties (mean microsphere diameter and S BET ) and the catalytic activity was evaluated at Pd:IB = 2000 (using the Pd values measured by ICP-OES), the surface distribution of the PdAS immobilized catalysts was more homogeneous in the PdAS(5)-STY catalysts.
Finally, the PdAS(5)-STY catalyst was evaluated in the production of octinoxate by the C-C coupling of IBM and EHA as shown in Fig. 7 . The IBM consumption, and thus the conversion, was maximum after 120 min of reaction, producing octinoxate as the only product. For comparison, the catalytic activity of PdAS(5)-STY in the production MCIN is included. In both reactions, the catalytic performance showed similar profiles, reaching maximum conversion after 120 min and the trans-isomer as the only reaction product for both MCIN and octinoxate synthesis.
Concerning the critical feature of reusability, for the PdAS(5)-STY catalyst, consecutive catalytic cycles were carried out. On the basis of our studies, PdAS(5)-STY catalyst was used for three cycles with only minor loss of yields reaching the maximum of conversion level at high reaction time in the second and third catalytic cycle as shown in Fig. 8 .
To detect Pd leaching, it was also measured by AAS the Pd content in the post-reaction medium. The absence of Pd leaching up to the second run indicates the high stability of the synthesized started PdAS metal-monomer, and the changes in the SEM micrograph of the third catalytic run catalyst shown in (Fig. 8b) indicates the dependence on their textural properties. It is proposed that the loss of activity in the PdAS(5)-STY catalyst is attributed to a gradual collapsed process with appearance of agglomerated and irregular broken microparticles.
Conclusion
A novel porous polymer microsphere resin, including a Pd-based metallo-monomer, with catalytic activity in Heck reaction, was prepared using suspension polymerization. XPS and DRS UV-Vis characterizations confirm the presence of the Pd metallo-monomer on the resin matrix as Pd 2+ -complexes after the polymerization process. SEM, N 2 adsorption-desorption isotherms, and ICP-OES characterization showed that the materials possess limited tolerance for the incorporation of Pd metallo-monomer. At Pd metallo-monomer contents ranging from 1 to 5 wt%, based on the monomer mass feed, the resins showed well-defined microsphere shape and apparent surface areas of ~600 m 2 /g. An increase in the Pd metallo-monomer content (>10 wt%) collapses the suspension, producing irregular shapes and materials with lower apparent surface areas. These new solid-based microsphere resins are active and selective in C-C coupling of aryl halides with alkenes, showing that the optimal Pd metallo-monomer loading was 5 wt%. These catalysts displayed high activity and selectivity in the synthesis of both methyl cinnamate and octinoxate, only producing the respective trans-isomers.
